Habitat-forming species increase spatial complexity and alter local environmental conditions, often facilitating the assembly of plants and animals. We conducted a trait-based approach to algal assemblages associated with the freshwater bryozoan, Pectinatella magnifica. Association with algae leads to the inner bodies of the bryozoans being colored green; this is frequently observed in the large rivers of South Korea. We collected the green-colored gelatinous matrices and phytoplankton from waterbodies of the two main rivers in South Korea. Algal assemblages within the colonies and in the waterbodies were compared using the three diversity indices (richness, diversity, and dominance), and the composition of functional groups (FGs) and morphologically based functional groups (MBFGs) between the colonies within and outside of P. magnifica colonies. The most dominant and common species within the colonies were Oscillatoria kawamurae and Pseudanabaena catenata, both of which were assigned to the same FG (codon S1). Of the algal assemblages within the colonies, the dominance was higher, while the richness and diversity were lower, than those in the waterbodies. There was variation in the compositions of FGs and MBFGs in the waterbodies outside the colonies. Total nitrogen and orthophosphate led to dominance, and were significant factors for the variation in FGs in the waterbodies, whereas there were no such significant factors within the colonies. This trait-based approach to the community structure of associated algae provides the status and habitat gradient of these communities, which are stable, isolated, and consistent with the overgrowth of shade-adapted tychoplanktonic cyanobacteria.
INTRODUCTION
Habitat-forming species increase spatial complexity and alter local environmental conditions, often facilitating the assemblage of specific fauna and flora (Stimson 1985 , Bertness et al. 1999 . In an environmental regime, the diversity and structure of a community can critically depend on positive associations with a single dominant species (Lilley and Schiel 2006) . However, the stability of habitats generated by different organisms fluctuate and found under these specific environmental conditions have not been elucidated.
The aims of this research are as follows: (1) to quantitatively analyze associated algal communities and (2) to determine the habitat characteristics of the P. magnifica matrix based on the algal community assembly traits by comparing them to those in surrounding water columns. We applied three widely used ecological diversity indices and two novel functional classification schemes to phytoplankton to analyze the algal community traits both within the colonies and in the studied waterbodies.
MATERIALS AND METHODS

Study site and sampling
We monitored P. magnifica colonies and associated algae in two of the main river channels (Geum River and Nakdong River) of South Korea. The Geum River is located in the central-western part (length, 397 km; basin width, 9,885 km 2 ), and the Nakdong River in the southeastern part of the country (length, 514 km; basin width, 23,860 km 2 ). The five sampling sites are shown in Fig. 1A ; there are two sites from the Geum River and three sites from the Nakdong River. Three sites are located upstream of weirs where the river flow is stagnant, allowing P. magnifica to grow at a stable rate. The remaining two sites, Banbyeon and Miryang, are tributaries of the Nakdong River, and it has been reported that bryozoans occur in high densities in those areas (Jo et al. 2014) .
Field surveys were conducted a total of six times from June to August in 2015, as P. magnifica reached their maximum growth in the summer. The colonies that showed green internal matrices were detached from the substrate and collected in 50 mL conical tubes (Fig. 1B) . Samples for analyzing phytoplankton in the waterbodies were collected from the surface water (0.5 m) by using a water sampler (8 L) at each of the sampling sites simultaneously with the colony matrix and transferred to 100 mL plastic bottles. Both samples for quantitative algal composition analyses were fixed with Lugol's solution (final concentration: ~3%) and analyzed within a few days.
The identification and enumeration of algal assemblages were performed according to LeGresley and McDermott (2010) . The abundances of the algal assemblages were determined by counting the independent cells in the Sedgwick Rafter chamber after full sedimentation using a microscope (×200 and ×400 magnification; Axioskop 40; ZEISS, Jena, Germany). Because the freshwater bryoare usually unpredictable, as the biological processes between organisms can vary from competing for light or resources to mutualism (Wood et al. 2012) . One promising method of predicting stability is to evaluate these environmental regimes based on the characteristics of established communities (Lavorel et al. 1997 , McGill et al. 2006 . Aggregated estimates of algal communities (e.g., total biomass and diversity indices) can be used to describe the overall community response to various environmental conditions (Vollenweider 1976 , Magurran 1988 . However, in terms of phytoplankton autecology, each species has their own functional traits, which consist of physiological, morphological, and phenological features. Functional non-taxonomical classifications of organisms could simplify the complexity of ecosystems and be representative of the trophic state or habitat preference (Litchman et al. 2010 , Kruk et al. 2011 ). This traitbased classification of phytoplankton, based on similar biological properties, can help to elucidate the structure and delineate the trophic state or habitat characteristics of these communities (Salmaso et al. 2015) . Habitat templates have been created for phytoplankton of different species by combining the characteristics and environmental gradients. Reynolds et al. (2002) and Padisák et al. (2009) proposed placing algal species with similar adaptation abilities to environmental constraints into functional groups (FGs). In addition, based on the correlation between the morphological and functional features, defined morphologically based functional groups (MBFGs) are well predicted based on various environmental conditions (Kruk et al. 2010 (Kruk et al. , 2011 .
Freshwater bryozoans belong to the phylum Bryozoa, consisting of aquatic sessile invertebrates. These species secrete gelatinous material, which may act as microhabitats for other organisms (Bushnell and Rao 1979) . Pectinatella magnifica (Leidy, 1851), a freshwater bryozoan, is usually observed in stagnant parts of rivers or lakes. This species was introduced to South Korea in the 1970s and 1980s, and abruptly showed a massive population spread through the country's main rivers in 2014 (Seo 1998 , Jo et al. 2014 . When found in rivers or lakes, they generally form a green or blue-green colored matrix due to the algae that grow within the colony. The algal assemblages associated with P. magnifica are dominated by bluegreen algae with a high cell density; the bryozoan matrix is a nutrient-rich environment (Joo et al. 1992 (Joo et al. , Šetlíková et al. 2013 ). However, these biological relationships have not received much attention from ecologists and physiologists. Furthermore, the quantitative measurement of abundance and the reasons why certain species are http://e-algae.org mand, total nitrogen (TN), total phosphorus (TP), total organic carbon, chlorophyll a (Chla), dissolved inorganic nitrogen, ammonium (NH), nitrate, and orthophosphate (PO).
Ecological diversity and functional properties
To evaluate the ecological stability, we used three indices of richness, diversity, and dominance. The species richness index (Margalef's index) and indices based on the proportional abundance of species (Shannon index and Simpson's dominance index) (Magurran 1988) were calculated for each sample in terms of the phytoplankton cell density. Each index was subjected to Student's t-test to determine any differences in algal communities between two environmental regimes, within the colonies and in the waterbodies (Zar 1999) .
To explain algal community structures in terms of the functional properties of species, we applied two schemes, functional classification and morphologically based functional classification, to each algae species. We allocated taxa to FGs based on Reynolds et al. (2002) and Padisák et al. (2009) , and morpho-functional groups (MBFGs) based on Kruk et al. (2010) . Because of the difficulty in identifying species of centric diatoms, the organisms were allocated to FGs according to their critical diameter as 10 µm (10 3 µm 3 in volume). Groups contributing more than 1% of total phytoplankton biomass on a natural-log scale at least once during sampling period zoan body consists of gelatinous material, which makes sedimentation difficult, cell counts were performed with a microscope with multiple focal points. The classification rule was based on Akiyama (1977) and Yamagishi and Akiyama (1984) . Algae were taxonomically identified to the species level when possible, and their biovolumes were calculated from measurements of linear dimensions of cells measured under the microscope using the appropriate formulae and geometric shapes (Hillebrand et al. 1999) . These biovolumes were converted into biomass (mg L -1 ) on the basis of a phytoplankton cell density of 1 mg mm -3 . Physicochemical parameters were simultaneously measured at the study sites. Water temperature and dissolved oxygen were measured using a YSI 58 dissolved oxygen probe, and the conductivity was measured using a YSI 30 salinity meter (YSI, Yellow Springs, OH, USA). The pH and turbidity were measured using an Orion 407A Ionanalyzer (Thermo Fisher Scientific, Chelmsford, MA, USA) and Micro100 turbidity meter (HF Scientific, Fort Myers, FL, USA), respectively. The alkalinity was determined by titrating H 2 SO 4 against a water sample. The flow velocity was measured using Flowatch (Ecomac, Anyang, Korea), and the discharge data from the sampling days were obtained from the Korean National Water Resource Management Information System. Other water quality data, which were monitored by the Nakdong River Environmental Research Center, were collected, including biological oxygen demand (BOD), chemical oxygen de- 
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composition from the RDA was tested using Monte Carlo simulations with stepwise selection. Ordinations were performed using the 'vegan' package within RStudio (ver. 1.0.136; RStudio). Table 1 summarizes the values of the main physical and chemical parameters of Geum River and Nakdong River during the study. Because the study period was during summer (from June to August), the water temperature was high (27.2 ± 1.8°C). The river depth was the highest at site 4 of Nakdan weir, the discharge was the highest at site 1 of Bakje weir, and all sites had a low flow velocity (<5.0 m s , respectively. The mean Chla value of all measurements was 28.9 mg L -1 , and the value of the Geum River was higher than the one of the Nakdong River. A total of 13 colonies were collected from five sites (sites 1 and 5: 2 each; sites 2-4: 3 each). Colonies of various sizes were collected, with a size range of 330-4,055 cm 3 and a mean volume of 1,293 ± 329 cm 3 .
RESULTS
Physical conditions
Community difference between inner and outer Bryozoan
Biomass values and the number of species were significantly different between within and outside of P. magnifica (t = -5.995, p = 0.000; t = 1.803, p = 0.096) ( Fig. 2A &  B) . Fewer species (7.1 ± 3.1) lived within the bryozoans at higher densities (81.2 ± 41.7 mg L -1 ) than in the waterbodies (22.4 ± 9.7 ind. mL ). The algal assemblages reached a maximum biomass of 423.7 mg L -1 in the bryozoan, which was much lower than that in the waterbodies (7.6 mg L ) and green algae (1.1 mg L -1 ) contributed more to the phytoplankton biomass in the waterbodies than did cyanobacteria (0.6 mg L -1 ). Aulacoseira of cylindrical diatoms (0.9 mg L -1 ) were the common dominant genus, were referred as "prevailing groups." Statistical analyses were performed using the software IBM SPSS ver. 23 (IBM Corp., Armonk, NY, USA).
Assessing differences among and within environmental regimes
To assess the spatial heterogeneity in FG and MBFG composition, we performed non-metric multidimensional scaling (NMDS) with two environmental regimes and five sites. We natural-log transformed each biomass data entry. For NMDS, we used the Bray-Curtis coefficient to ordinate the algal species biomass and performed a Monte Carlo randomization test (n = 999) to determine the significance of the final stress values (a measure of goodness of fit). To evaluate significant differences between the groupings by environmental regime and site, we conducted 2 resemblance-based permutation tests of taxon similarity: pair-wise analysis of similarities (ANO-SIM) and permutational multivariate analysis of variance (PERMANOVA). While the robustness of pair-wise ANOSIM is advantageous, it does not test for interactions on whether factor effects on assemblage differences are independent or are the result of a combination of both factors. PERMANOVA can deconstruct the effects into main effects and interactions, and therefore, complements ANOSIM. These permutational analyses were performed using 999 permutations. Where differences were significant, FG and MBFG that were responsible for driving changes in community composition were identified using similarity percentage analyses (SIMPER), using 999 permutations. Groups that contributed more to similarity, when the average similarity values / standard deviation > 1, were considered useful to discriminate habitats (Ruhí et al. 2011) . All the multivariate analyses and visualization were performed using the 'vegan' and 'ggplot2' packages within RStudio (ver. 1.0.136; RStudio, Boston, MA, USA).
Relationships between the environmental variables and phytoplankton functional groups
If both analyses (t-test and NMDS) of the two comparative studies showed significant differences in FG and MBFG composition independently of sampling site, a redundancy analysis (RDA) was used to determine the relationship between the environmental factors and the group composition. We transformed the environmental and species data, and the significance of the environmental variables in explaining the variance in the group http://e-algae.org 13.5 (7.5-17.8) 10.3 (9.2-11.5) 9.3 (8.3-10.2) 10.8 (7.9-12.2) 8.8 (7.5-9.9) pH 8.7 (7.2-9.2) 8.6 (7.7-9.3) 8.1 (7.6-8.7) 8.7 (7.9-9.4) 8.3 (7.9-9.0) Conductivity (µS cm 11.1 (7.4-16.0) 11.1 (6.3-13.7) 6.1 (2.6-9.9) 4.4 (3.2-6.3) 5.2 (1.8-6.9) Alkalinity (mg L BOD, biological oxygen demand; COD, chemical oxygen demand; TN, total nitrogen; TP, total phosphorus; TOC, total organic carbon; Chla, chlorophyll a; NH, ammonium; NO, nitrate; PO, orthophosphate.
analyzed using all seven groups, because both prevailing groups in the two environmental regimes corresponded to whole groups. The dominant group was codon S1 in the P. magnifica matrix (78.0 ± 41.2 mg L -1
) and codon B in the waterbodies (3.0 ± 3.0 mg L -1 ). Groups A, C, and D recognized only in waterbodies, and group N was encountered only within the colonies. Within the colonies, the dominant group of associated algae was group III (76.4 ± 41.3 mg L -1 ), which consisted of medium-sized organisms lacking special traits. In the waterbodies, group VI was the most abundant (4.2 ± 3.0 mg L -1 ) with the contribution of 25.1% to total phytoplankton biomass on average, comprising non-flagellated organisms with a siliceous skeleton. All seven MBFGs were observed in both of environmental regimes (Table 2) .
There were significant differences in FG composition between the two environmental regimes (Table 3 ). The variable-loading results showed that six of 19 FGs contributed significantly (p < 0.01) to the ordination axis (Fig.  3A) . The high percentage of group S1 organisms within P. magnifica was the primary feature of the functional difference, and group C was the most important in the FG of algal communities in the waterbodies. There was more similarity in FG composition within environmental regimes than between them (R = 0.599, p = 0.001). The PERMANOVA results showed significant differences in community composition between environmental reand Cyclotella of centric diatoms (3.0 mg L -1 ) showed the highest density in the surrounding water column.
All three indices of species richness, diversity, and dominance were significantly different on within and outside of P. magnifica (Fig. 2C-E) . The index of richness within the colony (0.09-1.0) was lower than that outside the colony (1.1-4.0; t = -4.561, p < 0.01). The richness was the lowest within P. magnifica when only two algal species, Pseudanabaena catenata and Pseudanabaena sp., were observed. The diversity index within the bryozoan (0.74 ± 0.13) was lower than that outside (1.73 ± 0.12; t = -5.584, p < 0.01), and the dominance index within (0.65 ± 0.22) was higher than that outside (0.33 ± 0.04; t = 4.292, p < 0.01), showing that the algal communities within the bryozoan matrix were less diverse than those in the surrounding waterbodies.
Differences in functional groups and morphologically based on functional groups
Altogether, 18 phytoplankton FGs and all seven MBFGs, comprising 101 species, were identified during the experimental period (Supplementary Table S1 ). There were nine prevailing FGs within P. magnifica (namely groups B, G, H1, J, M, MP, N, P, S1, and W S ) and 11 prevailing FGs outside the colonies (groups A, B, C, D, H1, J, M, MP, P, S1, and X1). The MBFG compositions were A B Fig. 3 . Non-metric multidimensional scaling ordination of algal species (A) and functional group composition (B) by environmental regime.
Vectors displayed are significant at p < 0.01. The 95% confidence interval ellipses are displayed for within Pectinatella magnifica and in the waterbodies. NMDS, non-metric multidimensional scaling.
similarity between the two regimes than within them (R = 0.133, p = 0.023). The PERMANOVA results also supported significant differences in community composition between environmental regimes (pseudo-F 1,25 = 4.476, p = 0.008), but were dependent on the sampling site considered (pseudo-F 4,25 = 2.265, p = 0.022). Results of SIMPER analysis showed that groups III (19.1%), VII (17.8%), and I (16.6%) were primarily responsible for discriminating the two habitats (Supplementary Table S3 ). Spatial heterogeneity was detected among the waterbodies but not among the colonies in terms of both FG composition and MBFG composition. The ANOSIM results supported the group positions determined by ordination. Differences in FG composition among sites within the environmental regimes were not detected in the colonies (R = 0.113, p = 0.218) but were detected in the gimes (pseudo-F 1,25 = 16.206, p = 0.001), independent of the sampling site (pseudo-F 4,25 = 1.168, p = 0.330). Results of SIMPER analysis showed that the differences between within and outside the colonies could largely be ascribed to the relative contributions of the groups C (15.0%), P (15.0%), D (9.4%), MP (9.1%), M (8.3%), X1 (7.5%), and S1 (6.8%) (Supplementary Table S2) .
We detected significant differences in MBFG composition between within the P. magnifica matrix and in the waterbodies (Table 3 ). The NMDS results showed that four of seven MBFGs contributed significantly (p < 0.01) to the ordination axis (Fig. 3B) . Four groups, I, III, VI, and VII, explained the separation of sampling sites in the waterbodies, but not within the colonies. The ANOSIM results supported the positions of the two environmental regimes determined by ordination. There was more dis- 
DISCUSSION
Associated algal communities with P. magnifica showed a clearly different environmental regime from that of the surrounding water body and had an imbalanced high density and dominance of Planktothrix kawamurae and Pseudanabaena catenata. This suggests that this regime was not beneficial to the level of the community but was sustainable for a few dominant species to proliferate (Xu et al. 1999 (Xu et al. , 2001 . The properties of the dominant functional group within the colonies, S1, were typical of those of warm mixed layers; they consisted of only shade-adapted cyanoprokaryotes that can adapt easily to light deficiency, but are sensitive to flushing (Reynolds et al. 2002 , Padisák et al. 2009 ). Two dominant cyanobacteria in this study had the ability to move and catch the optimal light and chemical conditions, usually forming benthic mats or being tychoplanktonic in the eutrophic system (Stal 2012) . The most common species, Pseudanabaena catenata, could endure the limiting constraints by zooids on the surface of P. magnifica by using their preferential adaptation strategy to regulate the waterbodies (R = 0.438, p = 0.009). Groups M (p = 0.007) and X1 (p = 0.003) were the key features of the compositional differences between sites. Similar to the MBFG ordination results, the algal communities did not show differences between sites within the bryozoan matrices (R = 0.191, p = 0.166) but did show differences between sites in the surrounding water (R = 0.300, p = 0.048).
Relationships with water quality parameters
Spatial variations in FG composition in the waterbodies were dependent on the values of TN (F = 2.69, p = 0.005) and PO (F = 1.90, p = 0.040), but there were no significant variables within the colonies (NH: F = 1.45, p = 0.125; BOD: F = 1.38, p = 0.145) (Fig. 4) . The relative eigenvalues of axes 1 and 2 were 0.25, 0.20 within the P. magnifica matrix and 0.27 and 0.22 in the waterbodies, respectively. The sum of the canonical axes accounted for 44% and 50% of total variance in functional groups, respectively. In the waterbodies, groups B and X1 had a positive correlation with the PO value, and groups S1 and MP had a negative relationship with the flow velocity. BOD, biological oxygen demand; Chla, chlorophyll a concentration; COD, chemical oxygen demand; Cond, conductivity; Depth, river depth; DIN, dissolved inorganic nitrogen; Dis, discharge; DO, dissolved oxygen; NH, ammonium; NO, nitrate; PO, orthophosphate; TN, total nitrogen; TP, total phosphorus; TOC, total organic carbon; Tu, turbidity; WT, water temperature; FV, flow velocity.
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proach could elucidate the ecological status of algal communities associated with freshwater bryozoans and river phytoplankton, even though the scale of our study was relatively narrow. In previous studies on algae associated with those bryozoans, Joo et al. (1992) and Šetlíková et al. (2013) asserted that the higher nutrient contents in enclosed microhabitats provided species with the opportunity to flourish and colonize. However, according to the trait-based classified template, the habitat appears to be susceptible to being colonized by algal communities due to the species' low-light tolerance, rather than its nutrient rich matrix, which is supported by similar dominant functional groups within our observations (Reynolds et al. 2002) . Thus, these trait-based approaches to algal communities allow the representation of microhabitats where biological processes are not established and are helpful in evaluating the function of the habitat.
phycoerythrin / phycocyanin ratio (Mishra et al. 2012 , Yu et al. 2015 . Although much of the ecology of Planktothrix kawamurae remains unclear, their trichomes are extremely large; thus, this species can represent a significant portion of associated algal communities in terms of biomass (Ichise et al. 1999) . Phytoplankton assemblages used for describing community structure and functions reflect the conditions of the water body. The two studied rivers are enriched systems; therefore, their phytoplankton FGs were dominated by C, D, M, and P, all of which were characterized by an enriched habitat template. Groups C and P, comprising Aulacoseira and sharing their tolerances and constraints, were the most common phytoplankton FGs, because of their tolerance to silicate depletion (Reynolds et al. 2002 , Padisák et al. 2009 ). In addition, MBFGs I, III, IV, and VII defined the site-specific characteristics of algal communities (Kruk et al. 2010) . The main drivers for each group were different: both TN and TP for group I, TP for group III, TN for group IV, and reactive soluble silicate for group VII (Kruk and Segura 2012) .
However, FG composition within P. magnifica regimes was not explained by any water quality parameter, which indicates that these regimes are distinctive habitat. For example, groups M and S1, which are sensitive to flushing, did not exhibit negative relationships with flow velocity and were even positively associated, thanks to the gelatinous matrices of the bryozoans. Furthermore, the spatial homogeneity of the associated algae supports the hypothesis that the regime would be function as a habitat for cyanobacteria tolerant to low light conditions. Intensive interaction between the sediment and water, and specific abilities, such as buoyancy regulation, to exploit habitat resources can support the success of algal communities (Nixdorf et al. 2003, Rojo and Álvarez-Cobelas 2003) .
From our study, habitat-forming bryozoans appear to increase the spatial complexity and alter the conditions of local environments, often facilitating the assemblage of the most successful algae. The relationship between species adaptive properties and community diversity stabilizes the functional properties of aggregated communities (May and Mac Arthur 1972, Gadgil and Gadgil 1975) . Freshwater bryozoans provide habitats for associated aufwuchs, as well as algal communities (Bushnell and Rao 1979) . Therefore, their body cavities could be abundance hotspots for algae, benthic detritivores, and black fly larvae, and could even host myxozoan parasites (Hakenkamp et al. 2001 , Canning et al. 2002 .
The present study also revealed that a trait-based ap-
